Background: Prolonged hyperuricemia is associated with kidney disease or gouty arthritis. Whether Yokuininto, a commercially available Kampo medicine that has been used for osteoarthritis or rheumatoid arthritis, can exhibit anti-hyperuricemic and inflammatory effects remains elusive. In the present study, Yokuininto exerts multiple homeostatic action on serum uric acid (sUA) levels by blocking pro-inflammatory cytokine activities and inducing uricosuric function with anti-renal injury functions. Methods: The sUA was measured in potassium oxonate (PO)-administered mice. Renal transporter uptake assays were performed using HEK293 cells overexpressing OAT1, OCT2 or OAT3, MDCKII cells overexpressing BCRP, and Xenopus oocytes overexpressing OAT3 or URAT1. Immunoblot and ELISA assays were performed to detect the molecules (OAT3, GLUT9, XO, NGAL, KIM-1 and IL-1α) in various human kidney cell lines. Cell viability analysis was performed to evaluate the cytotoxicity of Yokuininto [Ephedrine + pseudoephedrine 21.94%; Paeoniflorin 35.40% and Liquiritin 16.21% relatively measured by the ratios (HR-MS2 intensity / HR-MS1 intensity)].
Background
Prolonged systemic hyperuricemia has been regarded as an etiology of gout and it also causes inflammation and uric acid congestion in kidney cortex. Increased tubular reabsorption or the reduced tubular secretion in the basolateral side of the proximal tubule membrane occurs in the uric acid-affected glomeruli [1] [2] [3] . Previous studies have reported that two basolateral membrane transporters, the organic anion transporter 3 (OAT3), which possesses secretory functions, and the glucose transporter 9 (GLUT9), which performs influx functions, are closely associated with the pathophysiology of hyperuricemia [4] .
Interleukin-1 alpha (IL-1a) is a powerful inflammatory cytokine that regulates both adaptive and innate immunity. As such, it is implicated in the development of multiple autoimmune and inflammatory diseases such as arthritis. IL-1α is potent inflammatory cytokine that activates the inflammatory process, and the deregulated signaling causes devastating diseases manifested by acute or chronic inflammation. IL-1α binds to the receptor and then, it has alike pro-inflammatory functions [5, 6] . IL-1α can be found asa cell-bound molecule on the plasma membrane in epithelial cells and can be considered as tissue damage and then, begins triggering the early phases of gout flare with severe pains [7] .
Acute kidney injury is one of the major kidney disease characterized by rapid and excessive loss of the renal function, which leads to the aberrant accumulation of nitrogenous metabolic wastes (e.g. urea and creatinine) and imbalance of water, electrolytes and acid-base reactions [8, 9] . Recently, neutrophil gelatinase-associated lipocalin (NGAL) and kidney injury molecule-1 (KIM-1) have been rigorously tested as robust biomarkers for acute kidney injury. The use of several antioxidants corroborated previous findings regarding the avoidance of gout flare with IL-1 blockers. NGAL is expressed by IL-1 in epithelial cells during inflammation [10] . KIM-1 is significantly upregulated in the kidney after injury and related to inflammation such as chronic kidney dysfunction (CKD) and polycystic kidney disease (PKD) [11, 12] .
To test the hypothesis that Yokuininto, a Kampo medicine that has been used for osteoarthritis [13] or rheumatoid arthritis [14] , can be applied to treat hyperuricemia and gouty arthritis, we investigated the uric acid modulating effects of Yokuininto on serum level of uric acid, XO inhibiting activity, and OAT3 and GLUT9 transporter activities. In addition, its anti-inflammatory effect was assessed by monitoring the activities of acute kidney injury biomarkers, NGAL and KIM-1, which are known to mediate the inflammatory response upon the cytokine IL-1α stimulation in macrophages.
Methods

Materials and reagents
Yokuininto (K-25) Kampo medicine was donated from Kracie (Seoul, Korea). The dried extract powder of K-25 (Lot No. 15071713, Kracie) was used in this present study. The components and indications of K-25, a Kampo medicine, are described in details [13, 15, 16] . Stock solution was diluted in DMSO at 50 mg/mL and stored at − 20°C. IL-1α recombinant was purchased from Thermo scientific (Rockford, IL, USA). Allopurinol (A8003), LPS (L6529) and potassium oxonate (PO, 156124) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Cell culture
We purchased four cell lines from American Type Culture Collection cell line (ATCC, MD, USA) and their ATCC® Numbers were Raw 264.7 (TIB-71™), LLC-PK1 (CL-101™), HEK293 (CCL-1573™) and MDCK (CCL-34™). All the four cell lines, i.e., Raw 264.7, LLC-PK1, HEK293, and MDCK cells, were kept in DMEM (Gibco, MD, USA) supplemented with 10% FBS, 1% penicillin/streptomycin and cultured in a humidified incubator at 37°C in 5% CO 2 .
Measurement of cytotoxicity
Raw 264.7 and LLC-PK1 cells were seeded into 96-well plates and then the cells were treated with K-25 in media for 24 h. Cell viabilities were determined using the Ez-cytox assay kit (Dogen, Republic of Korea) according to the manufacturer's instructions.
Immunoblot analysis
The protein samples were prepared in RIPA lysis buffer (89,900, Thermo Fisher Scientific). Samples were separated on 12% SDS-polyacrylamide gels and then, transferred to polyvinylidenefluoride (PVDF) membranes, which were blocked with 5% dried milk in PBS containing 0.5% Tween-20. The blots were incubated with the appropriate antibodies at a dilution of 1:1000. The antibodies were those against OAT1 (TA322017, OriGene), OAT3 (TA321636, OriGene), ABCG2 (sc-58,222, Santa cruz), URAT1 (LS-C335533, LsBio), GLUT9 (NBP1-06271, novusbio), KIM-1 (ab47635, abcam), NGAL (ab63929, abcam) enzymes. Images of the blotted membranes were obtained using a LAS-4000 lumino-image analyzer (GE Healthcare Life Sciences, Republic of Korea).
Cytokine antibody array
At the end of each treatment, the culture medium was collected in eppendorf tubes. After centrifugation at 10,000 × g for 10 min, the supernatants were assayed for secreted mediators using RayBio C-Series Mouse Cytokine Antibody Array C2000 (AAM-CYT-2000-8, RayBiotech) according to the manufacturer's instructions.
Measurement of nitric oxide
The nitrite in culture supernatants was measured as an indicator of nitric oxide (NO) production. An aliquot of the culture supernatant was mixed with a volume of Griess reagent (G2930, Promega), and the absorbance at 570 nm was determined using a microplate reader.
NGAL, KIM-1 and transporters measurements NGAL and KIM-1 were determined by an ELISA assay kit (Cloud-clone, USA) according to the manufacturer's instructions. LLC-PK1 cells (1 × 10 6 cells/6 well) were treated with various concentrations of IL-1α (0-100 ng/ml) for 24 h. After incubation, the medium was collected, and centrifuged at 3000 rpm. The supernatants were carefully transferred into fresh tubes. Supernatants (50 μl) were added to 50 μl of a 1/1 mixture of 0. 01 mol/L PBS (pH 7.0). Plates were incubated at 4°C for overnight. Transporters were measured using an ELISA kit (Mybiosource, USA) according to the manufacturer's recommendation.
Transporter uptake assays
Transporter uptake assays were performed as described previously [17] . In brief, the transporter expressing HEK293 cells were seeded on BD poly-D-lysine 24 4 , 20 mM HEPES, 1 mM NaH 2 PO 4 , 18 mM glucose, pH 7.4) for 5 min in the absence or presence of Yokuininto. The uptake was terminated by three washes with 0.5 ml of ice-cold Ringer's solution. Cells were then solubilized in 0.5 ml of 1 N NaOH. After neutralization with 0.5 mL of 1 N HCl, their hydrogen isotype [ 3 H] content was assayed by Packard Tri-Carb 2700TR liquid scintillation counter. MDCKII-BCRP transporter assay was determined by the Cihalova method [18] . The Xenopus oocytes system was measured as previously reported [19] .
Drug administration
Male Institute for Cancer Research (ICR) mice (7 weeks) were obtained from Daehan Bio Link company (DBL, Eumseong, Korea). The animals were kept in a clean animal room under specific pathogen free conditions. Mice were allowed to adapt to the environment for a week before being used for the experiment. All animals were housed under 12 h light-12 h dark cycle, lights at 10:00 am. Housing room temperature was maintained at 20-24°C and humidity at 40-60%. Prior to experimental testing, they were housed in groups of four in standard cages containing a supply of food pellets and water.
Mice were assigned as seven per each group to explore the feasibility: (1) control group (n = 7; intraperitoneally vehicle injected plus vehicle treated group), (2) PO 400 mg/kg/day group (n = 7; intraperitoneally PO injected plus vehicle treated group), (3) Allopurinol 50 mg/kg/ day group (n = 7; intraperitoneally allopurinol injected plus vehicle treated group), and (4) PO + K-25 300 mg/ kg/day group (n = 7; intraperitoneally PO plus K-25 treated group). Mice were treated with 400 mg/mL PO for 3 days, and then K-25 was administered intraperitoneally once a day for 3 days. All the procedures were randomly ordered between the groups. At the end of the experiment, mice were sacrificed by CO 2 inhalation. Animal maintenance and treatment were conducted in compliance with the Principles of Laboratory Animal Care. All animal procedures were approved by the institutional animal care and use committee of Korea Institute of Oriental Medicine (Approval No. KIOM #16-069).
Immunofluorescence analysis
Cells were fixed through incubation with 4% paraformaldehyde at room temperature for 30 min. Fixed cells were rinsed in PBS, treated with 0.5% BSA for 30 min, and then incubated overnight at 4°C with the rabbit anti--GLUT9 and anti-OAT3 antibodies. They were then incubated for 2 h with an Alexa 488 Fluor-conjugated secondary antibody. The cells were finally washed in PBS and mounted using Vectashield Mounting Medium containing DAPI. Immunofluorescent images were captured using microscope (Olympus Microscope System BX51; Olympus).
Xanthine oxidase inhibition (XOI) activity and uric acid assay
XO catalyzes the conversion of hypoxanthine to xanthine and then uric acid as a final product in the presence of molecular oxygen to yield superoxide anion [20] . Inhibitory effects on xanthine oxidase activity were measured by a decrease in uric acid formation. Urine and serum level of uric acid were determined by the uric acid detection kit (ab65344, abcam). The experimental process performed according to manufacturer's instructions.
Statistical analysis
The variables including primary ones, serum and urinary uric acid concentrations were expressed as the mean ± standard error of the mean (S.E.M.). The statistical variables were analyzed using a one-way analysis of variance (ANOVA) and post hoc multiple mean comparisons (Bonferroni test). All variables were analyzed using the GraphPad Prism 5.10 software (GraphPad Software Inc., USA).
Results
K-25 reduces serum level of uric acid
The serum level of uric acid in PO-induced mice increased markedly at 72 h, whereas the urine level decreased at 48 and 72 h. PO (400 mg/kg) markedly increased the serum level of uric acid (Fig. 1a) . Compared to that of the untreated mice group, the serum level of uric acid in the PO-induced mice was markedly increased by approximately 44.9% after PO administration. K-25 (300 mg/kg) significantly reduced serum level of uric acid by approximately 44% compared to that of PO-induced mice. The in vivo anti-hyperuricemia efficacy of K-25 was analyzed using a uric acid ELISA in the PO-induced mouse model (Fig. 1b) . We evaluated the transport characteristics of K-25 using HEK293 cells with overexpressing uptake for OAT1, OAT3 and OCT2 and also the efflux transport interactions of K-25 with representative inhibitors using Xenopus oocytes for URAT1 and BCRP. The two showed the profiles without any remarkable changes. We also evaluated OAT1, OAT3, OCT2 and URAT1-mediated K-25 transport in the presence of representative inhibitors of those transporters: probenecid, diclofenac, verapamil and benzbromarone, respectively. Only diclofenac inhibited the OAT3-mediated K-25 transport. In contrast, K-25 did not markedly inhibit the activities of OAT1, OCT2, URAT1, and BCRP in the concentration ranges tested (Fig. 1c-h ). Those results suggest that K-25 is actively taken up into cells via the OAT3 transporter.
K-25 inhibits NO synthesis and IL-1α secretion by LPS
To test the effects of K-25 on the generation of inflammatory cytokines, the amounts of G-CSF, GM-CSF, IL-6, IL-1α, MIP-2, CCL5, and TNFR2 in the LPS-induced macrophages were measured using a cytokine antibody array (Fig. 2a) . In particular, increased IL-1α was suppressed by Yokuininto. Macrophage cells were treated with various concentrations of LPS (0, 50, 100, 500 ng/mL) for 24 h and cell viability was measured. LPS showed no cytotoxic effect on the macrophage cells (Fig. 2b and Additional file 1: Figure S1 ). We assessed the non-cytotoxic concentrations of LPS in Raw264.7 cells using MTT assays. As shown in Additional file 1: Figure S1 , cell viability was not significantly changed after the LPS treatment up to 100 ng/ml for 24 h compared with the untreated control cells. Thus, we used LPS at 100 ng/ml concentration in all subsequent experiments. LPS (100 ng/mL) treatment strongly 
H]MPP
+ for OCT2 in the HEK293 overexpressing system. (f, g) Inhibitory effect of K-25 on uric acid uptake by OAT1 and URAT1 transporters in Xenopus oocytes. h Transcellular transport of prototypical substrates of BCRP was measured using monolayers of MDCK cells transfected with the MDCK genes, or of MDCK-WT control cells seeded on transwell membranes. Prazosin (2 μM), a substrate of BCRP was incubated with the MDCK-BCRP cell lines. All values are mean ± SD (triplicate in each experiment; each experiment was repeated three times). **p < 0.01, compared to OAT3. The statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001) was determined using an one-way analysis of variance (ANOVA) with Bonferroni correction induces the synthesis of NO involved in inflammation (Fig. 2c) . In addition, the 500 and 1000 μg/mL K-25 inhibited NO synthesis by approximately 33.7 and 64.6%, respectively, compared to that of LPS-treated macrophages (Fig. 2c) . K-25 significantly inhibited the LPS-induced secretion of IL-1α by approximately 63.2% compared to the LPS-treated macrophages (Fig. 2d) . Those results suggest that LPS-induced NO synthesis and IL-1α secretion are inhibited by K-25.
OAT3 and GLUT9 transporter levels are altered by POinduced hyperuricemic condition
Hyperuricemia is closely involved in the regulation of renal transporters, including OAT1, OAT3, GLUT9 and URAT1. Thus, we examined the change of the expression of renal transporters under hyperuricemic condition using ELISA and immunoblot analysis in renal proximal epithelial cell lines. Especially, in LLC-PK1 cells, OAT3 levels decreased significantly in PO-induced hyperuricemic condition, whereas the GLUT9 transporter levels were markedly increased. However, PO did not alter the levels of URAT1 (Fig. 3a-d) . IL-1α, a pro-inflammatory cytokine, markedly elevated NGAL and KIM-1 activities in LLC-PK1 cells (Fig. 3e) . K-25 significantly inhibited NGAL and KIM-1 activities of IL-1α-treated LLC-PK1 cells by approximately 36.9 and 72.1%, compared to those of the IL-1α treated group (Fig. 3f ) . Those results suggest that PO induces the change in OAT3 and GLUT9 transporters. In addition, NGAL and KIM-1 activated by IL-1α are inhibited by K-25.
K-25 improves hyperuricemia via OAT3, GLUT9, and XO
The effect of K-25 on the levels of OAT3 and GLUT9 in hyperuricemic condition is shown in Fig. 4a and b. K-25 Fig. 2 Inhibition of LPS-induced NO production and IL-1α secretion by K-25. Raw 264.7 cells were pretreated with various concentrations of K-25 for 1 h before LPS (100 ng/mL) treatment. a After 24 h-incubation, the cultures were subjected to cytokine antibody array assay. b After 24 hincubation, cell viability was measured using the EZ-cytox assay kit. c After 24 h of incubation, NO production was measured using the Griess Reagent System assay. d After 24 h-incubation, the culture medium was assayed using ELISA for IL-1α. Values represent mean ± standard error of the mean. **p < 0.01, compared to the LPS control. The statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001) was determined using ANOVA with Bonferroni correction treatment significantly downregulated GLUT9, but upregulated OAT3 in PO-induced LLC-PK1 cells. In addition, K-25 significantly decreased the XO activity in LLC-PK1 cells under hyperuricemic condition (Fig. 4c) . Those results suggest that K-25 acts not only as an OAT3 and GLUT9 transporters but also functions as a XOI.
Discussion
In this study, we observed that Yokuininto decreased the urine level of uric acid in PO-induced hyperuricemic mice. Subsequently, we demonstrated that Yokuininto inhibited the XO activity in renal proximal epithelial cells and regulated the expression of OAT3 and GLUT9, which are important renal uric acid transporters. Furthermore, Yokuininto suppressed purinergic pathwayrelated inflammation and protected against kidney dysfunction via NGAL and KIM-1 under hyperuricemic condition.
The progress of pathological conditions such as gout is a metabolic illness associated with hyperuricemia. The relationship between pathogenesis of gout and hyperuricemia has been previously reported [21] . Allopurinol is effective in treating chronic symptoms but is associated with adverse side effects such as fever, rash or liver and kidney disorders [22] . Unfortunately, uricosuric agents used for clinical applications of hyperuricemia and gout are scarce [23] , and investigations for identifying novel anti-hyperuricemia agents have attracted much attention. Several animal models of human hyperuricemia have been used to select novel hyperuricemia agents. PO is an extensively-used experimental reagent that triggers hyperuricemia in rodents because PO can inhibit uricase, the enzyme that degrades uric acid to allantoin [24] . Hence, we used the PO-induced hyperuricemia mice in the study. After three days of PO administration, serum level of uric acid in PO-induced mice markedly increased by approximately 44.9% compared to the levels in untreated mice. Interestingly, Yokuininto administration significantly reduced serum level of uric acid in PO-induced hyperuricemic mice. It suggests that Yokuininto exerts uricosuric effect in hyperuricemic mice.
Uric acid excretion and reabsorption in kidneys relies on the function of uric acid transporters. Studies show that a variety of uric acid transporters modulate uric acid [25] . In patients with gout, the inability of kidneys to absorb and excrete uric acid is the dominant cause of hyperuricemia [26] . The efflux mechanism for hydrophilic organic anions is regulated by OAT3. A gene knockout study in mice indicated that the absence of OAT3 decreases uricosuria, suggesting that its principal Fig. 3 Analysis of transporters and inflammatory factors. a Protein levels of transporters OAT1, OAT3 and URAT1 were determined using immunoblot analysis in kidney cell lines. b After treatment of LLC-PK1 cells with PO and K-25 for 24 h, cell viability was measured using the cell viability assay. c Protein levels of transporters OAT1, OAT3, GLUT9 and URAT1 were determined using ELISA and immunoblot analysis in PO-induced LLC-PK1 cells. d Activation of NGAL and KIM-1 by IL-1α. The protein levels in IL-1α-treated LLC-PK1 cells were detected using ELISA. e LLC-PK1 cells were stimulated with IL-1α (10 ng/mL) with or without pretreatment with K-25 (0.5 mg/mL). f After 24 h-incubation, NGAL and KIM-1 levels were measured using ELISA. Values represent mean ± standard error of the mean. **p < 0.01, compared to the IL-1α control. The statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001) was determined using ANOVA with Bonferroni correction function is uric acid excretion [27] . Another key regulator of uric acid absorption is GLUT9, which is highly expressed on the surface of renal proximal tubular cells [28] . A genetic study showed that GLUT9 is the major transporter associated with high plasma uric acid levels [29] . In addition to their association with uric acid levels, a significant connection of GLUT9 and OAT3 with gout was reported [30] . In this study, PO administration markedly decreased OAT3 levels and increased GLUT9 levels. Those results may demonstrate that PO might reduce uric acid excretion and induce uric acid reabsorption. Yokuininto significantly increased OAT3 levels and decreased GLUT9 levels, which suggested that Yokuininto might enhance uric acid excretion and suppress uric acid reabsorption. Taken together, our results suggested that Yokuininto increased the urine level of uric acid via increasing uric acid excretion and decreasing renal uric acid production through the reabsorption pathways.
Compared to the frequency of occurrence of genetic syndromes related to IL-1-regulated illness, crystal-induced arthropathy is highly prevalent. IL-1 activation and release triggers a massive inflammatory response, with rapid recruitment of immune cells to the region of crystal deposition, resulting in an acute event of gout. In this study, LPS treatment significantly increased IL-1α release as well as NO production in macrophages. Yokuininto significantly and dose-dependently inhibited NO production, as well as IL-1α secretion. Those results suggested that Yokuininto might inhibit uric acid production via the inhibition of both pro-inflammatory response and reactive oxygen species generation because XO catalyzes the reduction of O 2 to H 2 O 2 and superoxide.
Accumulation of uric acid can damage kidney cortex and other organells by inducing inflammatory cytokines. Therefore, we examined the effects of Yokuininto on the expression of pro-inflammatory cytokines IL-1α; acute kidney injury molecules: NGAL and KIM-1. [7] . They are crucial factors in the development of renal inflammatory response [31] . Those results suggest that Yokuininto may suppress inflammation and protect against kidney dysfunction in hyperuricemia. The present findings demonstrated that Yokuininto lowered serum level of uric acid Fig. 4 Inhibition of PO-induced hyperuricemia by K-25. LLC-PK1 cells were stimulated with PO (0.25 mM) with or without pretreatment with K-25 (0.5 mg/mL). a After 24 h of incubation, OAT1, OAT3, URAT1, GLUT9, and XO were measured using an immunoblot assay. b LLC-PK1 cells were incubated with K-25 for 24 h, and the intracellular levels of OAT3 and GLUT9 transporters were analyzed using immunofluorescence analysis. Scale bar = 50 μm. c Effect of K-25 on XO inhibition activity. Values are represented as means ± SEM, *p < 0.05, versus the allopurinol group. The statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001) was determined using ANOVA with Bonferroni correction through both increased uric acid excretion and decreased uric acid production. Moreover, Yokuininto markedly increased XOI activity and anti-inflammatory activities.
Conclusions
In conclusion, our data demonstrated that Yokuininto reduced uric acid in serum of PO-induced hyperuricemic mice through two pathways. First, in hyperuricemic condition, Yokuininto markedly increased OAT3 expression, as well as decreased GLUT9 expression, and enhanced urate secretion and inhibited urate reabsorption. Second, Yokuininto significantly increased XOI activity, and thus might directly inhibit uric acid production by inhibiting the catalytic activity of XO. Furthermore, we identified Yokuininto, the inflammatory cytokine inhibitor. Yokuininto inhibited NGAL, KIM-1 and IL-1α.
Additional file
Additional file 1: Figure S1 . Effect of LPS on Raw 264.7 cell viability. Cells were treated with 0-1000 ng/ml LPS for 24 h. The viability of the cells was measured by the MTT assay. The statistical significance (*p < 0.05, **p < 0.01, **p < 0.001) was determined using ANOVA with Bonferroni correction (JPG 44 kb) Abbreviations GLUT9: glucose transporter 9; IL-1α: Interleukin-1 alpha; KIM-1: kidney injury molecule-1; LPS: Lipopolysaccharide; NGAL: neutrophil gelatinase-associated lipocalin; OAT3: organic anion transporter 3; PO: potassium oxonate; sUA: serum uric acid; XO: xanthine oxidase
